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APPARATUS AND METHOD FOR ULTRASONICALLY
AND ELECTROMAGNETICALLY TREATING TISSUE

PRIORITY
This application claims priority to a U.S. Provisional Application No.

60/135,224 ﬁ.led on May 20, 1999 by Talish et al., the contents of which are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

1.  Field of the Invention
The present invention relates to apparatus and method for ultrasonically

and electromagnetically stimulating treating tissue, for example, traumatized tissue or
a bone injury. More particularly, the present invention relates to apparatus and
methods which utilize an ultrasonic transducer assembly in combination with an

electromagnetic coil assembly to treat tissue.

- 2. "Description of the Related Art

_ The use of ultrasound to therapeuncally treat and evaluate tissue and
bone mjunes is known Impmgmg ultrasonic pulses having appropnate parameters,
e.g., frequency, pulse repetition, and amplitude, for suitable periods of time and at a
proper external location adjacent to a tissue or bone injury has been determined to
accelerate the natural ‘healing éf,tfor example, tissue tears, bone breaks and fractures.

U.S. Patent No. 4,530,360 to Duarte describes a basic non-invasive
therapeutic technique and apparatus for applying ultrasonic pulses from an operative
surface placed on the skin at a location adjacent a bone injury. To apply the
ultrasound pulses during tréatrpent an operator must manually hold the applicator in

place until the treatment is complete.
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The Duarte patent as well as U.S. Patent No. 5,520,612 to Winder et
al. describe ranges of RF signal for creating the ultrasound, ultrasound power density

levels, ranges of duration for each ultrasonic pulse, and ranges of ultrasonic pulse

frequencies.
U.S. Patent No. 5,003,965 to Talish et al. relates to an ultrasonic body
treatment sys’tém having a body-applicator unit connected to a remote control unit byv

sheathed fiber optic lines. The signal controlling the duration of ultrasonic’ pulses and

the pulse repetition frequency are generated apart from the body-applicator unit.

Talish et al. also describes a mounting fixture for attaching the body-applicator unit to
a patient so that the operative surface is adjacent the skin location.
' While the systems described in these patents relate to methods and

apparatus for ultrasonic diagnosis and/or treatment of hard and soft tissue; injuries and

_ defects by applying ultrasound to traumatized tissue, it has been demonstrated that the

traumatized tissue heals at a faster rate if the acoustic signal envelope of the applied
ultrasonic waves is slowly moduiated or perturbed. Modulating the signal envelope of ~ -
the applied ultrasonic waves can be éccompliéhed by either modulating the envelope of
the electrical signal to the u]trasou.nd.‘transducer or by mddulaling the ultrasonic waves
in the body by utilizing controlled clectror_nagnetic induced forces.'

It has also been demonstrated that in the- case of a non-union injury,
i.e., where a bone frgcture ‘fails to heal, that electromagnctic-stimulatioh (E-stim)

treatment of the non-union injury produces a‘therapeutic response .in bone tissue. E-

stim generally uses at least an external coil to produce a therapeuuc pulsed uniform,

~ electromagnetic field at the fracture 51te For example, a pair of Helmholtz coils can

produce a constant uniform field at the fracture or wound sites, above the local

magnetic field in tissue.
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It is generally believed that E-stim promotes and accelerates the healing
of non-union injuries due to the creation of a magnetic flux density which causes the
creation and movement of ionic charges within the bone tissue. Bone tissue is mainly
an ionic-fluid-saturated porous medium having various ious in the intercellular and |
interstitial fluid such as potassium ions, sodium ions, magnesium ions, chloride ions,

phosphate ions, carbonate ions, bicarbonate ions and those formed by the dissociation

- of amino acids, proteins, sugars, nucleotides and enzymes. The application of a

pulsed electromagnetic field, i.e., the controile_d combination of electrostatic and
magnetic f(;rces, causes these ions to be charged and moved in a particular directic_m.
The ions diffuse within cells at the treatment area, thereby accelerating the healing
process. . ) |
According to the present disclosure, the healing of tissue, especially
non-union injuries, can be further accelerated by combining ultrasound and E-stim.
The forces produced by the applled electromagnetic field add a fluctuating or
perturbing force, such as a low frequency modulation force, to the propagatmg

ultrasonic or pressure wave to further stimulate the cells at the treatment area and

" enhance cellular permeability and ionic diffusion. The largést effect on the acoustic

~ field by the electromz;gnctic field occurs when the direction of the longitudinal waves

is perpendxcular to the electromagnetlc field, or if the transverse (shear) waves are

. traveling along the magnetic field lines. The clcctromagnctxc field tends to increase

the phase velocity of the ultrasonic w'aves. The associated magnetic force may be

* beld constant or modulated at a low frequency rate.

SUMMARY OF THE INVENTION
The present invention provides a combined ultrasonic and E-stim

treatment apparatus for therapeutically treating traumatic tissue injuries, especmlly
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" non-union bone fractures, using combined uitrasound and E-stim. The apparatus

includes an ergonomically constructed placement module configured for mounting at

~ least one hybrid ultrasonic transducer assembly having an integral signal generator

which provides excitation signals to at least one ultrasonic transducer within the
placement module for generating an acoustic field. The placemelit module further
mcludes at least one electromagunetic coil assembly having at least one electromagnetlc
coil in proximity to each ultrasonic transducer for generating an electromagnetic field.
It is contemplated that timing control circuitry as well as monitoring circuitry for the
proper control and operation of the compoﬁcnts within thé placement module are
housed within a main operating unit yvhicb may be fit within a pouch worn by the
patient or integrally contained in the transducer. '

In operation, the placement module is positioned adjacent a part of the
patient’s body such that the at least one ultrasonic transducer is sonically coupled in
position adjacem traumatized tissue and/or an osteochondrial mjury The at least one
ultrasonic transducer and at least one -electromagnetic coil are then exclted by
providing an induced signal to these ;:omponents. The induced sighal causes the at
least one ultrasonic transducer to impinge ultrasonic pressure waves ‘aga‘inst the

traumatized tissue and/or injury add for the at least one electromagnetic coil to create

. an electromagnetic field having a magnetic flux density. The frequency of the induced

signal can be varied from 1 Hz to-10,000 Hz. The magnetic flux density adds a

. fluctuating force to the propagatmg prcssure wave in the body to increase the

stimulation of the cells in the vicinity of the injury and to enhance cellular
permeability which results in an _increase in the diffusion of ions into the cells, such as
calcium ions in the case of a non-union bone fracture, resulting in increased protein

Synthesis. An increase in protein synthesis accelerates bone fracture healing and

tissue repair. Additionally, it is contemplated to control the average magnetic flux
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density, pulse repetition rate, and pulse width of the induced signal for optimal

osteogenic stimulation.
Preferably, the main operating unit has an internal power source for

powering the signal generator of the ultrasonic transducer assembly, a display for
displaying treatment sequence data, a keypad coupled to the signal generator for

permitting user operation and/or entry of data. The signal generator includes circuitry

“having a processor, means for generating a pulsed control signal, and a switch

coupled to the processor for regu'léting the pulsed control signal. The main operating
unit further has an alarm for indicating to the user that the treatment time has expired
The alarm is coupled to the processor such that when ultrasonic and E-stim treatment
is completed the processor activates the alarm and terminates the induced signal to the
components within the placement module..

| The present invention also provides a kit for combined ultrasonic and
E-stim treatment of traumatized tissue and osteochondrial injuries. The kit includes an
ultrasonic transducer assembly having an ultrasonic transducer and.signal generator
circuitry, an eléctromagnetic coil assen;bly having an electromagnetic coil and -
operating circuitry, a placement module configured for placement therein of the
ultrasonic transducer and elec{rofnagnetic coil assemblies, and a main operating unit

(MOU) or controller coupled to the placement module via a cable. The MOU has an

~ internal power source thereby providing patient mobility. A MOU. envisioned for use

with the present invention is described in U S. Patent No. 5,556,372 to Talish et al.
which is hereby incorporated by reference.

The present invention further provides a method for combined ~
ultrasonic and E-stim treatment of traumatized tissue and/or osteochondrial injuries.
The method entails the steps of locating the site of the injury; positioning a placement

module containing at least one ultrasonic transducer assembly and at least one
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electromagnetic coil assembly adjacent to the injury such that the at least one
ultrasonic transducer and at least one elcctromagnetlc coil of the at least one ultrasonic
transducer and at least one electromagnetic coil assemblies, respectively, are in
proxumty to the mjury, activating the at least one ultrasonic transducer and the at least
one electromagnetic c01l for simultaneously propagating at least one ultrasonic
pressure wave towards the mJury and creating an electromagnetxc field for addmg a

fluctuating force to the propagatmg pressure wave.

In an alternative embodiment, a placcmént.module is provided for
securing a plurality of ultrasonic transducers and a plurality of electromagnetic coils -
thereto in a plurality of configurations. The placement module is then secured in
proximity to traumatized tissue and/or an osteochondrial injury to provide ultrasonic

and E-stim treatment.

' BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the igvention are described below with
reference to the drawings, vyhich are described as follows:

FIG. 1isa perspéctive view of a patient wearing a portable ultrasonic
and E-stim treatment épparatus of a first embodiment according to the present
invention having a main operating unit or controller and a placement module;

. FIG. 2 is a perspective view of an insert secured in a cast read).' to
receive a combined ultrasound and E-stim transducer head of'i a portable ultrasonic and
E-stim treatment apparatus of a ﬁrst embodiment; )

FIG. 3 is a perspective view of the transducer head of FIG. 2 fully
mounted to the cast; ‘

FIG. 4 is a perspective view of another embodiment of a combined

ultrasound and E-stim transducer head having a cover with locking structure;
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FIG. 5A is a top view of the placement module of FIG. 2 illustrating

the size and position of an ultrasonic transducer in relation to the size and position of

an electromagnetic coil within the placement module;

FIG. SB is a cross-sectional view of the placement module of FIG. 2;

FIG. 6A is a top view of a placement module of a portable ultrasonif:
and E-stim treatment apparatus of another embodiment illustfating_ the sizé and
pdsitibn of an ultrasonic transducer in relation to the sizé and position of an |

electromagnetic coil within the placement module
FIG. 6B is a cross-sectional view of the. placement module of FIG 6A;

FIG. 7A is a top phantom view -of a placement module of a portable -

ultrasonic and E-stim treatment épparatus of another embodiment illustrating the size

- and position of an ultrasonic transducer in relation to the size and position of an’

electromagnetic coil within the placement module

FIG. 7B is a cross-sectional view of the placement module of FIG. 7A;

FIG. 8 is a cross-sectional view of a.placement module of a portable
ultrasoﬁic and E-stim treatment apparatus of another embodiment illustrating the .
position of an ultrasonic transducer in relation -to the position of a cross-shaped .

electromagnetic coil within the placement module;
FIG. 9 is a cross- _sectional view of a placement module of a portable

ultrasonic and E-stim treatment apparatus of another embodiment illustrating the

position of an ultrasonic transducer in relation to the position of a cross-shaped

‘electromagnetic coil within the placement module;

FIG. 10 is a cross-sectional view of a placement module of a portable
ultrasonic and E-stim treatment apparatus of another embodiment iilustrating the
position of an ultrasonic transducer in relation to the position of a star-shaped

electromagnetic coil within the placement module;
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FIG. 11Ais a top v1ew of a placement module of a portable ultrasonic
and E-stim treatment apparatus of another embodiment illustrating the size and
position of an ultrasonic transducer in relation to the size and position of an
electromagnetic coil within the placement module; '

T FIG. 11B is a cross-sectional view of the placement module of FIG.
nA; | |

FIG. 12A is a top view of a placement module of a portable ultrasonic
and E-stim treatment apparatus of a further embodiment illustrating' the size and
position of an ultrasonic transducer m relation to the size and position of an
electromagnetic coil within the placement module;

FIG. 12B is a cross- -sectional view of the placement module of FIG.
12A; : | 4
FIG. 13A is a top phantom view of a placement module of a portable
ultrasonic and E-stim treatment apparatus of another embodiment illustrating the size
and position of an ultrasonic transducer in relation to the sxze and ‘position of an

electromagnetic coil within the placement module;
FIG. 13B is a first cross-sectional view of the placement module of

FIG. 13Cisa second cross-sectional view of the placement module of
FIG. 13A; |
’ FIG. 14Aisa top,vlew of a placement module of a portable ultrasonic

and E-stim treatment apparatus of ‘another embodiment illustrating the size and

- position of an ultrasonic transducer in relation to the size and position of an

electromagnetlc coil within the placement module;

FIG. 14B is a cross-sectional view of the placement module of FIG.

14A;
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FIG. 15A is a top view of a placement module of a portable ultrasonic

" and E-stim treatment apparatus of yet another embodiment illustratlng the size and

position of an ultrasonic transducer in relation to the size and position of an
electromagnetic c01l within the placement module;

FIG. 15B is a cross- sectxonal view of the placement module of FIG.
15A; ‘ _ o _
' FIG. 16A is a top view .of a placemenl module of a portable ultrasonic
and E-stim treatment apparatus"of another,embodirnerlt havlng a plurality of ultrasonic
transducers and a plurality of electromagnetic coils; and

FIG. 16B is a cross-sectional view of the placement module of FIG.

16A.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIIMENTS

Preferred embodiments of the present invention will be described in

detail with reference to the attached drawings. Like reference numerals denote thp
same or similar componcnts in the drawings.

The ultrasomc and E-stim treatment apparatus and methods of the
present invention are used for the surgically non-invasive application of ultra high-
frequency acoustic energy and, magnetic flux density in the treatment of traumatized
tissue and/or osteochondrial injuriés. Even though this detailed description discusses
the treatment of traumnatized tissue and/or osteochondrial injuries, the ultrasound and

E-stim treatment apparatus can be used to treat osteochondrial defects caused by e.g.,

medication, infection or metabolic processes.
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A. Backgi'ound Information Relating
to the Embodiments Described Herein

1. Pulsed Low Intensity Ultrasound Excitation

Ultrasound wave propagation in tissue exerts a unidirectional radiation

force on all aﬁsorbing and reflecting obstacles in its path, even at the microstructural
level. Low-intensity ultrasound refers to those power levels that just exceed biological
thresholds which trigger or evoke general biological regulatory reactions. »Al_though‘ |
too low to produce direct measurable biological effects, clinical results have A
established that low intensity i;ltfasound is sufficient to invoke biologicai healing
processes. . _
Since the early sixties,-.the.speciﬁc physical and biological mechanisms
behind the thereapeutic effectiveness of low intensity ultrasound have been extensively
investigated. For spatial average-temporal average (SATA) intensities from 0.1 - 0.5

- W/cm?, it is possible to produce the non-thermal, high stress mechanisms of acoustic
streaming and cavitation. In vitro tests on isolated fibroblast cells have shown that the
effects of ultrasound on the cells zire .bressure sensitive, suggesting a stable cavitation

‘ mechanism. The resulting bubble oscillation_é, possibly_ ipcluding a{coustic
microstreaming, can generate high shear stress on the cell membrane, which can

affect the cell’s permeability to sodium and calcium ions. The increase in cell
permeability may result in an ix;c;rease in calcium uptake, and increase in protein and
DNA synthesié in fibroblasts,- and account for the observed activation of macrophages.

" The production of fibroblasts apd macrophages characterizes the normal fracture '
Tepair process. ' ‘

For SATA intensities below 0.1 W/cm?, stable cavitation and acoustic
micro-streaming seem quite unlikeiy. In vivo test results indicate that a low SATA
intensity from 30-50 mW/cm? is highly effective in stimulation bone fracture repair.
These results support the thesis that ultrasonically-induced mechanical vibrations tend

- 10 -
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to increase the permeability of the cell membrane to calcium jons. Preliminary
clinical results indicate that the initial result of applying pulsed, low intensity
ultrasound to traumatized tissue is to increase blood flow in the local region. It is

proposed that the increased vascularity and the micromechanical fluid pressure appears

to produce an increase in cellular calcium uptake, resulting in increased protein

~ synthesis, thereby accelerating bone fracture healing and tissue repair.

2. Significance of Ultrasound-
Modulation to Stimulate Vascularity

Test results have shown that there is an increase in vascularity produced
with the application of ultrasound to traumatized tissue. In treating bone fractures, the
increase in blood flow to the callus, for example, may prove significant in accelerating

bone healing. The test results referred to were obtained with an acoustic longitudinal

~ wave and a constant (0 Hz) modﬁlation envelope. It was clearly established that bone

healing initially occurs in the periéstéal region, followed by healing within the fracture
itself (endosteal healing). The mcreased vascular flow due to ultrasound snmulanon

occurred in the region of the penosteum It is proposed that the acoustic wave

- stimulates the exposed nerve endings of the periosteum, thereby stimulating local

vascularization. The acoustic wave is preferably a constant envelope sine wave at a
carrier frequency of 1.5 MHZ and a_repetition frequency of 1.0 kHz.

A slowly modulated acoustic signal envelope, at a rate less than 100
Hz, may prove to be more ostéogenic, both in the ﬁacmré gap and on the periosteum.
It has been demonstrated that the micromechanical stimuli (0.5 Hz for 17 minutes,

daily) mgmﬁmmly improves the healing of tibial fractures. This accelerated healing

process has been correlated with the promotxon of fracture revascularization. The

modulation of the excitation may be accomphshed by either modulating the envelope

- 11 -
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of the electrical signal to the ultrasound transducer or by modulating the pressure

wave in the body, utilizing contr:olled electromagnetic induced forces.

3. Low Frequency Electromagnetic Excitation

In cases where the fracture fails to heal, referred to as a non-union, the
most common treatment is surgery or electromagnetic-stimulation (E-stim). As
discussed above, E-stim uses an external coil to produce a therapeutic pulsed

electromagnetic field at the fracture site. )

4. Combined Ultrasonic and
Electromagnetic Stimulation

Specifically, the combined ultrasonic and E-stim treatment methods and

apparatus of the present invention generate and control the spatial distribution of a

" pon-uniform, time-varying, directionally-oriented electromagnetic field to produce an .

ionic curreﬁt and electric voltage, relative to the spatialland_ tempotal generation and
control of.a time-varyiné, directionally-oriented non-uniform acoustic pressure’ wave,
in living tissue. The main physical factors that characterize ultrasound propagation in
tissue are mechanical, affectiﬁg the particle displaccmént, velocity, acceleration, and
pressure at the microstructural level. - '

In preferred embodiménts of the present invention, the forces produced
by the applied electromagnetic field are employed to add a.perturbing or fluctuating
force, such as a low frequency n;odulatidh force, to the propagating pressure wave in
the body to increase the stimulation of the cells in the vicinity of the injury and to
enhance cellular permeabiliiy which results in an increase in the diffusion of ions into
the cells, such as calcium ions in-the case of a non-union bone fraeture, resulting in '
increased protein synthesis. As indicated above, an increase in protein synthesis

accelerates bone fracture healing and tissue repair.

-12 -
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The low frequency perturbation of the propagating pressure wave can
be produced by positioning the elecfromagnetic coil in a wide variety of orientations
relative to the direction of the propagating pressure wave. The largest effect on the
pressure wave occurs when the direction of the longitudinal pressure wave is
perpendicular to the magnetic field, o; if the transverse (shear) waves are traveling
along the magnetic field lines.” In this case, the magnetic field tends to increase the
phase velocity of the sound wave. The associated magnetic force may- be held
constant or modulated at a low freduéncy rate by controlling the magnitude of an
induced signal to the electromagnetlc coil. '

_ . Consider the effect-of a magnetic field on the propagation of a sound
wave in a conducting fluid, such:as the soft tissue-bone complex. Bone tissue is
mainly an ionic-fluid-saturated pbrous mediun} having various ions in the intercellular
and interstitial fluid, such as potassium jons, sodium ions, rhagnesiiun ions, chloride

ioms, ﬁhosphate jons, carbonate ions, bicarbonate jons and those formed by the

" dissociation ‘'of amino acids, proteins, sugars, nucleotides and enzymes. The

movement of charged ions by the controlled combination of electrostatic, magnetic
and acoustic radiation forces can promote and accelerate tissue healing. The

interrelationships between these physical entities can be depicted by the general

- acoustic wave equation in a solid, homogeneous medium.

It is well known that the magnetic force F on a positive charge q.

" moving with a velocity v in a magnenc field of flux density B is given by the vector .

product F = qv x B. The vector product gives the.same direction for F as does the

classic Fleming’s left-hand Tule and establishes that F is perpendicular to B. If the

. longitudinal acoustic waves are propagated in the direction of the magnetic flux, there

is no_effect on the acoustic field. As indicated above, the largest effect to the

acoustic field occurs when the.direction of the longitudinal waves is perpendicular to

-13 -
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the magnetic field, or if the transverse (shear) waves are traveling along the magnetic
field lines.

In.general, the acoustic waves can travel at an arbitrary angle with
respect to the magnetic field flux lines. When this occurs, the nature of the resulting
acoustic wave will depend markedly on whether the fluid velocity is parallel with or
perpendicular to the plane established by k (wavenumber) and B. If the particle
velocity is perpendieular"to the k-B plane then the wave motion will be transverse,
havmg a velocity equal to B cos 6//p, where 8 is the angle between the direction of
propagation and the magnetic field, and p is the fluid density. If the particle veloc1ty
vector lies in the k-B plane, then the wave mode will contain both a transverse and a
longitudinal wave, corresponding to the particle velocity components perpendicular

and parallel with k, respectively. It is shown that a density fluctuation is produced

- only if there isa velocity component-in the direction of propagation and the

perturbation in the magnetic field is always perpendicular to k.

~ The various embodiments of the present invention include an.
ergonomically constructed plac_ement'module having a strap or other fastening means
for being secured adjacent an injured part of a patient’s body. At least one ultrasdnic
transducer assembly and at least '.one.electromagnetic coil assembly are attached to or
housed within the placement module and properly positioned in proximity to the
traumatized tissue and/or osteochondrial injury. The at least one ultrasonic transducer
assembly includes at least one ultrasonic transducer and the at least one .
electromagnetic coil assembly includes at least one electromagnetic coil. Different
types of ultrasonic transducers and signals can be provided, such as those described

and schematically depicted in U.S: Patent No. 5,520,612to Winder et al. which is

- 14 -
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hereby incorporated by reference. Addmonally, ultrasonic transducers can be used -
such as those described and 1llustrated in U.S. Patent Applxcanon Serial No.
09/040, 155 filed on March 17, 1998, the contents of which are incorporated herein by
reference. |

The'apparatus preferabfy uses electromagnetic field coil configurations
to produce asymmetrxc non-umform or time- varymg fields which-can be used for
selective spatial stimulation in tissue. In the embodiments described below the
frequency of the induced signal to the at least one ultrasonic transducer and at least
one electromagnetic coil can be varied from 1 Hz to 10 KHz. It is preferred that for
optimal osteogenic stimulation, io the treatment of non-usion bone fractures, that the
average magnetic flux density, pulse repetition rate, and pulse width of the induced
signal be controlled. Precise control of the average magnetic flux implies considering
the combined magnetic field of the applied magnetic field via the at least one
electromagnetic coil and the local magnetic fields. The latter includes the Earth’s
magnetic field and the effects of ferromagnetic materials in the vicinity which create
additional magnetic flux that ﬂows through tissue. ‘ .

The apparatus also préferably utilizes a portable, ergonomxcally

constructed main operating unit (MOU) having ‘an internal power source which is

" worn by the patient. The mternal power source provides control $ignals to the

ultrasonic transducers and electromagneuc coils at the placement module. It is
preferred that the electromagnet_xc coils produce time-varying, non-uniform
electromagnetic fields. The MOU which is utilized is preferably the one described in
U.S. Patent No. 5,556,372 to Talish et al.; the contents of which are incorporated
herein by reference. The ultrasonic transducers and associated c1rcu1try preferably

used are described in U.S. Apphcanon Serial No. 09/040, 157 the contents of which

are incorporated herein by reference.

- 15 -
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Turning to the figures, in particular FIG. 1, a patient wearing a first |
embodiment of the portable ultrasonic and E-stim treatment apparatus of the present
invention is shown. The ultrasonic and E-stim treatment apparatus designated
generally by reference numeral 10 includes a MOU 12, a placément module 14, and a
cable 16 connecting the MOU 12 with the placement module 14. The MOU 12 is

positioned within a pouch or carrying case 18 which is strapped to.the patient by a-

“harness 20 to‘provide mobility to the patient during treatment. The placernent module -

‘14 is secured t0 a mounting assembly 22 having a placement band 24 for placing and
securing the placement module 1:4-in proximity to a treatment area. The placement
band 24 is configured to fn'n_ily" secure: the placement module 14 to the patient. A
sponge-like rnaterinl may preferably line rhe inner surface of the placement band 24
for providing comfort to the patient and to prevent window edema.

Referring to FIGS "2 and 3, another embodiment of the portable
ultrasonic and E-stim treatment apparatus of the present invention is shown. An insert
90 is shown secured within a cast 92 'of a patient requmng ultrasound_treannent '
A tab 94 which is attached at its lower end to a transmission-enhancing medium is
shown extending from insert 90. Followmg the placement of ultrasound transducer
head module 96 into insert 90, a cover 98 is placed over the top of the insert 90 and
strap 100-is adjusted to secure thp entire apparatus in place. The ultrasound

" transducer head module 96 is similar to the placement‘r'nodule 14 shown in FIG. 1.

The ultrasound transducer array can transmlt signals designed for therapeunc and/or

diagnostic operation. In the dlagnosnc mode, reflection echo data is processed upon

receptron for imaging and tissue analysis. As used herem one means for receiving
reflected diagnostic date mcludes the VS transducer assembly, used circuitry or

software in- the MOU for processmg and/or analyzing the echo returns
With reference to FIG 4, another embodiment of the ultrasound and
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E- stim treatment apparatus is shown. FIG. 4 illustrates a perspective view of a cover
150 having locking structure. The cover 150 has two locking tabs 154 for locking the
cover within an insert. A protruswn 158 is similarly formed on lockmg tab 154 to
engage a groove on the inner surface of an insert. Also shown in FIG. 4 is an
ultrasound treatment module with treatment head 160 which is similar to the
placement module 14 shown in FIG. 1. Furthermore, a conical helical spring 162 is
connected to a lower surface of the cover 150 to bias the treatment head 16b ina

direction toward a treatment site. .
With reference to FIGS. 5A to 7B, there are shown top and Cross-

“sectional views of the placement module 14 of the embodiments of FIG. 2 (FIGS. 5A

and 5B), FIGS. 6A and 6B, and FIGS. 7A and 7B.. These embodiments each have an
ultrasonic transducer assembly 26 and an electromagnetic coil assembly 28. The
‘ultrasonic transducer assgm,bly.' 26 includes at least one ultrasonic transducer 30 and

related circuitry, including a signal generator (not shown). The electromagnetic coil

-assembly 28 includes at least one electromagnetlc coil 32. The ultrasomc transducer

30 and the electromagnenc coil 32 are positioned differently with rcspect to each other
for each of th&se embodiments, as described herein below. Further, in these
embodiments, the ultrasonic transducer 30 is positioned below the electromagnetic coil
32, i.e., closer to the injury, and has a smaller diameter than the electromagnetic coil

32.
The ultrasomc transducer assembly 26 and electromagnetic coil

assembly 28 for these embodunents are coupled to the MOU 12 by cable 16. The

cable 16 is preferably a multiconductor.cable capable of _transmmmg relatively low
frequency RF or optical signals, as well as digital signals. The cable 16 may include
coaxial cable or other types of sultabIe shielded cable. Alternatxvely, the cable 16

may include fiber optic cable for transmlrtmg optical signals. -
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The signals from the MOU 12 may be transmitted continuously or as a
series of pulses. It is contemplated that a voltage magnitude of the signals to the
ultrasonic transducer 30 be varied to vary a transmission power of the propagated
ultrasonic waves. Further, it is contemplated that a voltage magnitude of the signal to
the electromagnetic coil 32 be varied to vary the magnetic flux density.'

With reference to FIGS. 5A and 5B, the electromagnetic coil 32 is
pdsitioncd parallel to the u{uaSonié transducer 30._: In this conﬁguyation. the
longitudinal acoustic waves are ﬁrOpagatcd in the same direction as the magnetic flux,
and hence this conﬁguraﬁon provides the smallest effect on the acoustic field. For -
'example, since the electromagnetic coil 32 is parallel to the horizontal axis, when a
current is supplied to the electrbmagnetic coil 32, the resulting magnetic flux is
parallel to the longitudinal axis of the electromagnetic coil 32 accordixig to Maxwell’s
Equations. Hence, the maénetic'ﬂux is in the same direction as the propagating '
longltudmal acoustic waves. ‘ ‘

In FIGS. 6A and 6B, the electromagnetic coil 32 is positioned at an
angle 6 with respect to the horizontal axis of the placement module 14. In this
configuration, the longltudmal -acoustic waves are propagated at the same angle § with -
respect to the direction of the magnetic flux, and hence this conﬁguranon provides a

noticeable effect on the acoustic field:
" In FIGS. 7A and 7B, the electromagnetic coil 32 is positioned

| ~ transverse to the ultrasonic transducer 30. In this conﬁgixration, the longitudinal

acoustic waves are propagated. transverse to the direction of the magnetic flux, and
hence this configuration prbvi&es' the largest effect on the acoustic field. '

With reference to FIGS. 8 to 10, there are shown crbss'-seqtional views.
of further embodiments of the presexit invention. These embodimeﬁts each have an

ultrasonic transducer assembly 36 and an electromagnetic coil assembly 38 housed

- 18 -
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within a placement module 40: The ultrasonic transducer assembly 36 includes an
ultrasonic transducer 42 and related circuitry, including a signal generator (not
shown). The electromagnetic coil assembly 38 includes a cross-shaped
electromagnetic coil 44 or star-shaped electromagnetic coil 46. The ultrasonic
transducer 42 and the électromagnetic coils 44 and 46 are positioned differently with
respect to each other for each of these embodiments, as described herein below. |
Further, in these embodiments, the 'ultrasonic"transddcer 42 is positioned below the
electromagnetic coils 44 and 46, i:e., closer to the injury, and has a larger diameter
than the electromdgnetic coils 44 and 46. Cross-shaped electromagnetic coil 44 has-a
first coil 48 and a second coil 50. Star-shaped eléctronragnetid coil 46 has a first coil
52, a second coil 54, and a third. coil 56. '

The ultrasonic transducer assembly 36 and electromagnetlc coil -

assembly 38 are coupled to a MOU (oot shown) similar to MOU 12 shown in FIG. 1

~ or MOU 110 shown in FIG. 2-by cable 16. Signals transmitted via the cable 16 to

the components within placement module 40 may be transmitted continuously or as a

series of pulses.
With reference to FIG 8, the first and second coils 48 and 50 of the

. cross-shaped electromagnetic coil 44 are perpendicular to each other and positioned at

, an acute angle 6 with respect to a longitudinal axis of the placement module 40. In

this configuration, a magnetic flux is created transverse to first coil 48 and another

magnetic flux is created transverse to second coil 50. Since both coils 48 and 50 are

| perpendicular to each other and at-an angle & with respect to the longitudinal axis of -

the placement module 40, the longimdmal acoustic waves [propagated by the ultrasonic
transducer 42 are modulated or perturbed by a first magnetic flux created by the first
coil 48 and a second magnetic flux created by the second coil 50.. It is believed that

modulation of the acoustic waves by the first and second magnetic fluxes stimulates

- 19,;
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and enhances cellular permeability and the diffusion of ions within the traumatized
tissue or osteochondrial injury to accelerate healing thereof as discussed above. -

In FIG. 9, the first and second coils 48 and 50 of the cross-shaped
electromagnetic coil 44 are perpendicular to each other, but positioned at a right angle
0 with respect to a longitudinal axis. of the placement module 40. In tlﬁs
conﬁguratioﬂ, a magnetic flux is created transverse to first coil 48 and anothér
-magnetic flux is created transverse to.second coil 50. Since both coils 48 arid 50 are
. perpendicular to each other and at a right angle 8 with rcSpeﬁt to the longitudinal axis
of the placement module 40, the iongitudinal acoustic waves propa'gated by the |
“ultrasonic transducer 42 are slightly modulated or perturbed by a first magnetic flux
created by the first coil-48 and gfeatly modulated by a second magnetic flux created
by the second coil 50. Accordingly, by changing the position of the electromagnetic
~ coil assembly 44 within the placement module 40, the amount of modulation of the
acoustic waves can be controlled for optimal osteogenic stimulation. It is A .
contemplated to provide different circuitry for driving the first coil 48 and the second
coil 50 to alternate between th;z éreation of the first magnetic flux and the second
magnetic flux during ultrasonic and 'E_-stim &éaUnent using the apparatus.

- . As shown in FIG. '10,"the first, second and third coils 52, 54 and 56.of
the star-shaped electromagnetic coil 46 are positioned at an acute angle 6 with respect
to each other and at the same angle 8 with respcét to a'longitudinal axis of thé
placement module 40 if one of the: coils 52, 54 and 56 is perpendicular to the
longitudinzil axis. In this conﬁgurgtioxi, a first magnetic flux is created transverse to
the first coil 52, a second magnetic ﬁux is created transverse to the second coil 54,
 and a third magnetic flux is created transverse to the third coil 56. By controlling the
orientation of the three coils 52, 54 and 56, the direction of the first, second and third
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magnetic fluxes can be controlled to vary the amount of modulation of the acoustic

waves propagated by the ultrasonic transducer 42.
With reference to FIGS. 11A to 15B, there are shown various top and

_cross-sectional views of variations of placement module 60. All of these variations

have an ultrasonic transducer assembly 26 and an electromagnetic coil assembly 28.
The ﬁltrasonic transducer assembly 26 includes an ultrasonic transducer 30 and related
circuitry, including a signal generator (not shown). The electromagnetic coil assembly
28 includes an electromagnetic coil 32. The ultrasonic transducer 30 and the

electromagnetic coil 32 are positioned differently with respect to each other for each-

_ of the variations illustrated -by‘. F_ICS.‘ 11A to 15B, as described herein below.

Further, in the variations illustrated by FIGS. 11A to 15B, the ultrasonic transducer
30 is positioned below the electromagnetic coil 32, i.e., closer to the injury.

| _ The électromagnetic coil assembly 28 and the ultrasonic transducer’
assembly 26 are individually éoupled by cables 62 and 64, respectively, to a MOU
(not shown). The MOU can be similar to MOU 12 of the embodiment shown in FIG.
1 or MOU 110 of the embodiment shown in FIG. 2. ‘The cables 62 and 64 are

preferably multiconductor cables capéble of transmitting relatively low frequency RF

or optical signals, as well as digital signals. The cables 62 and 64 may- include

coaxial cable or other types of suitable shielded cable. - Alternatively, the cables 62
and 64 may include fiber optic cable for transmitting opﬁcal signals. The signals may

be transmitted continuously or as a series of pulses. Additionally, with respect to.

these embodiments, the signals méy be transmitted at different times and at varying . -

~ periods for driving the ultrasonic transducer and electromagnetic coil assemblies at

different times with respect to each other, since the assemblies are not powered by the

same cable as in other embodiments.
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With reference to FIGS. 11A and 11B, the electrou'l.agnetic' coil 32 is
positioned in a housing 66 which is positioned on top of the placement module 60.
The electromagnetic coil 32 is parallel to the ultrasonic transducer 30 within the
placement module 60. In this ~conﬁguration, the longitudinalv acoustic waves are
propagated in the same direction as the magnetic flux, and hence this configuration
provides the smallest effect on the acoustic field. For example, since the
electromagnetic coil 32 is parallel to the horizontal axis, when a cﬁrrent is supplied to
the-electromagnetic coil 32, the resulting magnetic flux is parallel to the longimdinal
axis of the electromagnetic coil 32 according to Maxwell’s Equations. . Hence, the -
magnetic flux is in the same direction as the propagating longifudinal acoustic waves.

'In FIGS. 12A and 12B, the electrdrnagﬁctic coil 32 is positioned within
the housing 66 and at an angle § with respect' to the horizontal axis of the placement
module 60. In this conﬁguratipn,. the longitudinal acoustic waves are propagated at
the same énglé 6 with respect to the direction of the magnetic ﬂu)é, and hence this
conﬁguratxon provides a nonceable effect on the acoustlc field.

In FIGS. 13A to 13C; the electromagnetlc coil 32 is posmoned within
the housiﬁg 66 and transverse to the ultrasonic transducer 30. In this configuration, -
the longitudinal acoustic wav-e's‘are propagated transverse to the direction of the
magnetic flux, and hence this _conﬁguration provides the largest effect on the a;:oustié A
field. L |

FIGS. 14A and 14B. show the electrémagnetic coil 32 virrapped around

-~ the placement module 60. The electromagnetic coil 32 is wrapped’ parallel to the

ultrasonic transducer 30 within the placement module 60. In this configuration, the

longitudinal acoustic waves are propagated in the same direction as the magnetic flux,

" and hence this conﬁguratioil proYides the smallest effect on the acoustic field. For

example, since the electromagnetic coil 32 is parallel to the horizontal axis, when a
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current is supplied to the electromagnetic coil 32, the resulting magnetic flux is -
parallel to the longinidinal axis of the electromagnetic coil 32 according to Maxwell’s
Equations. Hence, the magnetic. flux is in the same direction as the propagating
longitudinal acoustic waves. o

In FIGS. 15A and 15B, the electromagnetrc coil 32 is wrapped around
the housing 66 at an angle 8 with respect to the horizontal axis of the placement
module 60. In this configuration, the longitudinal acoustic waves are nropaga'ted at
the same angle 8 with respect to the direction of the magnetic flux, and hence this
configuration provides a no’ticeable effect on the acoustic .ﬁeld.
) FIGS. 16A and 16B snow two placement rnodules 70, srmrlar to
placement module 14 of FIG. 2, attached to a placement band 72. The placement
modules 70 each house an ultrasonic transducer assembly 74 having an ultrasonic

transducer 76 and an electromagnetlc corl assembly 78 havmg an electromagnetxc coil

 80. An additional electromagnetxc coil assembly 78 is posmoned between the two

placement modules 70. This arrangement is partrcularly advantageous in spinal reparr
and intervertebral fusion procedures wherem ultrasound and electrdmagnetxc energy is
focused at the site. The two placement modules 70 and the additional electromagnetic
coil assembly 82 are positioned 3t an angle 8 with respect to each other and are
powered by respective cables 84 86 and 88, respectively, connected to an MOU (not
shown) similar to MOU 12 orIMOU 110. It is contemplated that the placement band
72 be manufactured from a flexible material to enable the pldcement band :_72 to be

positioned in a plurality of configurations.
In operation the placernent band 72 is affixed in proxrmrty to the

traumatxzed tissue or osteochondrial injury. The ultrasonic transducers 76 and the
electromagnetic coils 80 are then activated for a predetermmed amourt of time to

impinge modulated acoustic waves af the injury site. It is contemplated that the
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electromagnetic coils 80 can be positioned in a variety of positions to céntrol the
amount of modulation as discussed above with reference to several embodiments. Itis
further contemplated to individually drive the ultrasonic transducers 76 and the
electromagnetic’coils 80-at different times and at varying periods.

It is additionally contemplated to construct the placement band 72 from

suitable conductive plastics, such as conductive ABS plastics with either carbon,

 stainless steel, nickel or aluminum fibers to forego the use of wires for connecting

" each ultrasonic transducer and electromagnetic coil assembly to a specific cable. In

such an embodiment, the conductive placement band would be used to electrically -

connect the ultrasonic transducer and electromagnetic coil assemblies to an MOU via a

single cable.
It is also,contemplated to provide each of the embodiments of the

present invention as a kit for combined ultrasonic and E-stim treatment of traumatized

~ tissue and osteochondrial injuries. . The kit can include the ultrasonic transducer

assembly havihg the ultrasonic transducer 'and signal generator circuitry, the
electromagnetic cbil assembly having the electromagnetic coil and bperating circuitry,
the placement module cbnﬂgu{ed for placement therein of the ultrasonic transducer
and electromagnetic coil assemblzies, and the main operating unit (MOU) coupled to
the placement module. ‘
For all the embodunents dlsclosed herem itis contemplated that an

ltrasound conducting gel be positioned between the placement modules of the
embodiments herein and the mjured part of the patient’s body to prevent attenuation of
the ultrasonic waves. It is alsE) c:ontemplated that one or more transduéers can be

converted to receive reflected dlagnostlc data from the treatment site. . This permlts

real time evaluanon of the mjury site and healing process.
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Block diagrams of first and second preferred embodiments of the
ultrasonic transducer assembly circuitry is shown by FIGS. 6 and 6A in U.S. Patent
No. 5,556,372, the conterris of which are incorpbrated herein by reference.

It will be understood that various modifications can be made to the
vﬁrious embodiments of the present invention herein disclosed without departing from

its spirit and scope. For cxamplc various modifications may be made in the

structural conﬁguratlon of the placement modules and the configuration of the

ultrasomc transducer and electromagnetrc coil assemblies. Therefore, -the above
description should not be construed as limiting the invention but merely as presenting

preferred embodiments of the invention. Those skilled in the art will envision other

" modifications within the scope and spirit of the present invention as defined by the

claims presented below.
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WHAT IS CLAIMED IS:

1. A treatment assembly for providing ultrasonic and
electromagnetic stimulation to a treatment area, said assembly comprising:
at least one ultrasonic transducer assenrbly having at least one

ultrasonic transducer; . '
| at least one electromagnetic coil assembly having at least one
electromagnetic coil operatively aesoeiated with said at least one ultrasonic transducer
assembly; _ - .
a placement module configured to be worn by a patient, said
placement module being configured to receive said at least one ultrasonic transducer
assembly and said at least one electromagnetic coil assembly such that when said |
placement module is worn said at least one ultrasonic transducer and said at least one
e]ectromagnetrc coil are positioned to focus energy toward said treatment area; and

- a main operatmg unit for providing at least one driving signal to
said at least one ultrasome transducer assembly for dnvxng said at least one ultrasomc

transducer and said at least one electromagnenc coil to provrde ultrasomc and

'_ electromagnetic stimulation to said tréatment area.

2. The treatment asser'nb]y according to claim 1, wherein said main
operating unit is coupled to said at least one ultrasonic transducer assembly by a first.
cable and said at least one electromagnetxc coil assembly by a second cable for
providing sard at least one dnvmg srgnal to the at least one ultrasonic transducer

assembly and said at least one electromagnetic coil assembly at different times and at

varying periods.’
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) 3. The treatment assembly according to claim 1, wherein said at
least one electromagnetic coil is positioned at an angle # with respect to a horizontal
axis of said at least one ultrasonic transducer, where & is greater than or equal to zero

degrees and less than or equal to 90 degrees.

. 4 The treatment assembly accordmg to claim 1, wherein said at

least one clcctromagnenc coil is wrapped around sard placement module.

5. The treatment assembly according to claim 1, wherein said at’
least one ultrasonic transducer is: posmoned closer to said treatment area than said at

least one electromagnetxc c011 when said placement module is positioned in proxumty

to said treatment area.

6.  The treatment assembly accordtng to claim 1, wherem said
placement module is constructed from a conductive material and said at least one
ultrasomc transducer and said at least one electromagnetrc coil are electrrcally coupled

to said main operating unit via said ‘conductive material.

7. The treatment assembly according to claim 1, wherein said at

" least one ultrasonic transducer.includes means for receiving reflected diagnostic data. A

8. The treatment assembly accordmg to claim 1, wherein said at

- least one electromagnetic coil provrdes a non-umfonn electromagnetic field.

9. A method for ultrasonically and electromagnetrcally treating

tissue, said method comprising | the steps of:
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providing a main operating unit having an internal power source
coupled to at least one ultrasonic transducer assembly and at least one electromagnetic
coil assembly, said at least one ultrasonic transducer assembly includes at least one
ultrasonic transducer, said at least one electromagnetic coil assembly includes at least

one electromagnetic coil;
providing a placement module configured to receive said ‘at least

one ultrasonic transducer assembly and said at least one electromagnetic coil assembly
such that when said placement module is-secured to a patient’s body said at least one
ultrasonic transducer and said at least one electromagnetic coil are positioned to focus

energy toward said treatment area;
exciting said at least one ultrasonic transducer to impinge

ultrasonic waves towards the treatment area; and

exciting said at least one electromagnetic coil to create an

electromagnetic field. -~

10. The method .according to claim 9, wherein said steps of ‘exciting
said at least one ultrasonic transducer and said at least one electromagnetic coil are
performed simultaneously by transmitting a control signal from said main operating

unit.’

11.  The method according to claim 9, wherein said steps of exciting

" said at least one ultrasonic transducer and said at least one electromagnetic coil are

" performed independently by transmitting from said main operating unit at least a first

control signal to excite said at least one ultrasonic transducer to propagate ultrasonic.
waves and by transmitting at least a second control signal to excite said at least one

electromagnetic coil to generate magnetic field lines.
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12.  The method according to claim 11, further comprising the step
of varying a magnitude of said first control signal to vary a transmission power of

said propagated ultrasonic waves.

"13. . The method according to claim 11, further comprising the step -
5 of varying a‘magnitude of said second control signal to vary a magnetic level of the

magnetic field lines.

14.  The method according to claim 9, further comprising the step-of
- oriénting said at least one electromagnetic coil at an angle 8 with respect to a '

horizontal axis of said at least one ultrasonic transducer.

10 - 15.  The method according to claimA 14, wherein § is greater than or

| equal to zero degrees and less-‘ than or equal to 90 degrees.

16.  The method according to claim 9., further including the step of

receiving reflected diagnostic data by said at least one ultrasonic transducer. -

17. - The me;hod according to claim 9, further comprising the step of
15 v securing said main operating unit within a carrying case for providing patient mobility

. ¢

during treatment.

-~

18. . The meihod according to claim 9, wherein said step of excitiﬁg

said at least one electromagnetic coil creates a non-uniform electromagnetic field.
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19. A method for ultrasonically and electromagnetically treating

tissue, said method comprising the steps of:
securing at least one ultrasonic transducer to a placement band;

securing at least one electromagnetic coil to said placement band;

afﬁxing the placement band on a patient such that said at least

one ultrasonic transducer is in proximity to said treatment area;

exciting said at least one ultrasonic transducer to impinge

ultrasonic waves towards said treatment area; and

exciting said at least one electromagnetic coil to create a

modulating force to modulate said ultrasonic waves.

20.  The method according to claim 19, further comprising the step
of connecting saxd at least one ultrasonic transducet and said at least one '

electromagnetic cml to an operating unit, said operating unit having an internal power

© source.

21.  The method according to claim 19, further including the step of

receiving reflected diagnostic data by said at least one ultrasonic transducer.

22.  The method 'ac_cording to,claim 19, further comprising the step

" of orienting said at least one electromagnetic coil at an angle 8 with respect to a

horizontal axis of said at least one ultrasonic transducer, where 4 is greater than or
equal to zero degrees and less"than or equal to 90 degrees. ‘

"23.  The method accordmg to claim 17, wherein said step of excmng

" said at least one-electromagnetic coil creates a non-umform modulatmg force.
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24.  An apparatus for providing ultrasonic and electromagnetic
stimulation to a treatment area, said apparatus COmprising:

means for propagating a pressure wave towards said treatment

area,
- means for generating an electromagnetic field to modulate said

 pressure wave; and
' control means for controlling the means for generating to vary
the amount of modulation of said pressure wave and for activating said means for

propagating and said means for generating at respective times.

25.  The apparatus according to claim 24, wherein said means for

generating generates a non-uniform electromagnetic field.
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